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ABSTRACT Secondarybacterialinfectionsincreasediseaseseverityofinﬂuenzavirusinfectionsandcontributegreatlytoin-
creasedmorbidityandmortalityduringpandemics.Tostudysecondarybacterialinfectionfollowinginﬂuenzavirusinfection,
micewereinoculatedwithsublethaldosesof2009seasonalH1N1virus(NIH50)orpandemicH1N1virus(Mex09)followedby
inoculation with Streptococcus pneumoniae 48 h later. Disease was characterized by assessment of weight loss and survival, titra-
tionofvirusandbacteriabyquantitativereversetranscription-PCR(qRT-PCR),histopathology,expressionmicroarray,and
immunohistochemistry.Miceinoculatedwithvirusaloneshowed100%survivalforallgroups.MiceinoculatedwithMex09plus
S. pneumoniae showed severe weight loss and 100% mortality with severe alveolitis, denuded bronchiolar epithelium, and wide-
spread expression of apoptosis marker cleaved caspase 3. In contrast, mice inoculated with NIH50 plus S. pneumoniae showed
increased weight loss, 100% survival, and slightly enhanced lung pathology. Mex09-S. pneumoniae coinfection also resulted in
increased S. pneumoniae replication in lung and bacteremia late in infection. Global gene expression proﬁling revealed that
Mex09-S. pneumoniae coinfection did not induce signiﬁcantly more severe inﬂammatory responses but featured signiﬁcant loss
ofepithelialcellreproliferationandrepairresponses.HistopathologicalexaminationforcellproliferationmarkerMCM7
showed signiﬁcant staining of airway epithelial cells in all groups except Mex09-S. pneumoniae-infected mice. This study dem-
onstratesthatsecondarybacterialinfectionduring2009H1N1pandemicvirusinfectionresultedinmoreseverediseaseandloss
oflungrepairresponsesthandidseasonalinﬂuenzaviralandbacterialcoinfection.Moreover,thisstudyprovidesnovelinsights
intoinﬂuenzavirusandbacterialcoinfectionbyshowingcorrelationoflethaloutcomewithlossofairwaybasalepithelialcells
andassociatedlungrepairresponses.
IMPORTANCE Secondarybacterialpneumoniasleadtoincreaseddiseaseseverityandhaveresultedinasigniﬁcantpercentageof
deathsduringinﬂuenzapandemics.Tounderstandthebiologicalbasisfortheinteractionofbacterialandviralinfections,mice
wereinfectedwithsublethaldosesof2009seasonalH1N1andpandemicH1N1virusesfollowedbyinfectionwith Streptococcus
pneumoniae 48 h later. Only infection with 2009 pandemic H1N1 virus and S. pneumoniae resulted in severe disease with a 100%
fatalityrate.Analysisofthehostresponsetoinfectionduringlethalcoinfectionshowedasigniﬁcantlossofresponsesassociated
withlungrepairthatwasnotobservedinanyoftheotherexperimentalgroups.Thisgroupofmicealsoshowedenhancedbacte-
rialreplicationinthelung.Thisstudyrevealsthattheextentoflungdamageduringviralinfectioninﬂuencestheseverityofsec-
ondarybacterialinfectionsandmayhelpexplainsomedifferencesinmortalityduringinﬂuenzapandemics.
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I
nﬂuenza viruses can cause severe respiratory tract infections as-
sociatedwithsecondarybacterialinfections(1).The1918inﬂu-
enza virus pandemic resulted in approximately 50 million deaths
worldwide(2),amajorityofwhichwereassociatedwithsecondary
Gram-positive bacterial infections (3, 4). Recently, analysis of 34
autopsy cases of people who died from the 2009 H1N1 pandemic
inﬂuenzavirusshowedthatoverhalfdisplayedsignsofsecondary
bacterial infections by both postmortem lung culture and histo-
logical evaluation (5). The bacteria most frequently associated
with the infections in this study were Streptococcus pneumoniae,
Streptococcus pyogenes, and methicillin-resistant Staphylococcus
aureus.
The association of primary viral inﬂuenza and secondary bac-
terialpneumoniahasbeendocumentedsincethelate19thcentury
(3, 6–9). Proposed mechanisms include increased colonization of
theupperrespiratorytractandbacterial-viralsynergisticcopatho-
genesis (10–14). Inﬂuenza virus infection leads to cell death and
denuding of the upper respiratory epithelium that could increase
thechanceofcolonizationbybacteriainthenasopharynx(11,15).
It has also been shown that the activity of the viral neuraminidase
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17). Finally, it has been suggested that there might be a role for
immunopathogenic responses due to synergistic effects of viral
and bacterial infection stimulating inﬂammation (11).
Inthepresentstudy,weinvestigatedtheeffectsofsecondaryS.
pneumoniaeinfectionofmicethatwereﬁrstinoculatedwitheither
a 2009 seasonal H1N1 (sH1N1) or a 2009 pandemic H1N1
(pH1N1)inﬂuenzavirus.Atequivalentinoculatingdoses,neither
the 2009 seasonal H1N1 inﬂuenza virus A/Bethesda/NIH50
(NIH50) (18) nor the 2009 H1N1 pandemic virus A/Mexico/
4108/09 (Mex09) (19) infection caused death in the absence of
bacterial coinfection. Following inoculation with S. pneumoniae,
NIH50-S. pneumoniae-infected mice showed only a modest in-
crease in disease severity, but no deaths. In contrast, Mex09-S.
pneumoniae-infected mice showed acute, severe disease with
death by 4 days post-bacterial infection. Analysis of viral and bac-
terialreplicationbyquantitativereversetranscription-PCR(qRT-
PCR) showed that both Mex09 and NIH50 viral infection led to
increased bacterial replication by 24 h post-S. pneumoniae inocu-
lation,withhigherlevelsofS.pneumoniaereplicationinMex09-S.
pneumoniae-infectedgroups.Atlatertimepoints,weobservedan
increase in S. pneumoniae replication in Mex09-S. pneumoniae-
infected groups and a reduction in S. pneumoniae replication in
NIH50-S. pneumoniae-infected groups. Expression microarray
analysis performed on lungs of infected mice at day 5 post-viral
infection showed marked differences between NIH50 and Mex09
primary viral infections, including increased inﬂammatory and
cell stress responses in Mex09-infected animals. The expression
level of inﬂammatory response-related genes in Mex09-S.
pneumoniae-infected mice was similar to that in NIH50-S.
pneumoniae- or S. pneumoniae-alone-infected mice. However,
there was a loss of expression of genes associated with airway ep-
ithelial cell reproliferation and lung repair in mice infected with
Mex09plusS.pneumoniaethatcouldbecorrelatedwithincreased
detection of proapoptosis protein expression and also the loss of
cell proliferation protein marker by immunohistochemical stain-
ing. There was also prominent attachment of S. pneumoniae to,
anddeathof,progenitorbasalepithelialcells,whichplayakeyrole
in lung epithelium repair processes, in the lungs of Mex09-S.
pneumoniae-coinfected mice. This study reveals that increased
mortalityduetocoinfectionof2009pandemicH1N1virusandS.
pneumoniaebacteriawasassociatedwithincreasedS.pneumoniae
replication, death of basal epithelial cells, and loss of airway epi-
thelial cell reproliferation not observed with 2009 seasonal H1N1
virus coinfection with S. pneumoniae.
RESULTS
Outcome of coinfection is inﬂuenced by initial inﬂuenza virus.
Miceinoculatedwith105PFUofvirusaloneshowedmildtomod-
est disease severity with peak weight losses of 10% and 20% for
NIH50andMex09,respectively,with100%survival(Fig.1).Mice
inoculated with 105 CFU of serotype 3 Streptococcus pneumoniae
strain A66.1-lux alone displayed moderate illness with approxi-
mately 10% average weight loss and 75% survival. Mice inocu-
latedwithNIH50followedbyS.pneumoniaeat48hpostinfection
(hpi) showed signs of more severe illness, as evidenced by in-
creased peak weight loss, similar to S. pneumoniae-alone-
inoculated animals, but with 100% survival. In contrast, mice
coinfected with Mex09 followed by S. pneumoniae 48 h later
showed more severe disease with dramatic weight loss and 0%
survival by 6 days post-infection with virus (4 days post-infection
with S. pneumoniae). Similar results were obtained in mice coin-
fectedwithserotype2S.pneumoniaestrainD39(datanotshown).
Thus,coinfectionwithS.pneumoniaeinamousewithanonlethal
dose of Mex09 infection results in uniformly lethal disease that
was not observed with an identical infectious dose of NIH50.
Lethalcoinfectionisassociatedwithearlyincreasedbacterial
replication but not viral replication. To determine if increased
viral and/or bacterial replication levels were associated with mor-
tality, we measured inﬂuenza virus M gene expression and bacte-
rial 16S rRNA expression by qRT-PCR (Fig. 2). Quantitation of
bacterial 16S rRNA as a measurement of bacterial replication
shows good correlation with CFU data (data not shown). As
showninFig.2A,animalsinoculatedwithvirusalonehadslightly
higher levels of Mex09 M gene expression than NIH50 M gene
expressionatdays2to5postinfectionthatweremostpronounced
at days 4 to 5, consistent with results from previous studies (18).
There was a similar trend of increased M gene expression in
FIG1 Weightlossandsurvivalofmiceinfectedwithequivalentdosesof2009
pandemic H1N1 or 2009 seasonal H1N1 inﬂuenza viruses following inocula-
tionwithtypeIIIcapsuleStreptococcuspneumoniaestrain.Groupsofﬁvemice
were inoculated with phosphate-buffered saline or infected with 105 PFU of
either A/Mexico/4108/09 (Mex09) or A/Bethesda/NIH50/09 (NIH50) and
48 h later were inoculated with 105 CFU of luciferase-expressing Streptococcus
pneumoniae strain A66.1-lux. (A) Change in body weight following initial
inﬂuenzavirusinfection.InoculationwithS.pneumoniaeisindicatedat2days
postinfection. (B) Survival of mice following infection with inﬂuenza virus or
S. pneumoniae or coinfection of virus and S. pneumoniae.
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pneumoniae-infected animals, although bacterial coinfection did
not appear to result in increased viral replication of either Mex09
or NIH50. However, as shown in Fig. 2B, viral and bacterial coin-
fection resulted in accelerated pulmonary S. pneumoniae replica-
tionondays2to3comparedtothatinanimalsinoculatedwithS.
pneumoniae alone. Moreover, the levels of 16S rRNA were higher
for Mex09-S. pneumoniae-infected compared to NIH50-S.
pneumoniae-infected animals at all times. By day 5 postinfection,
animals inoculated with Mex09 plus S. pneumoniae and S.
pneumoniae-alone-inoculated animals showed similar levels of S.
pneumoniae replication while NIH50-S. pneumoniae coinfection
resulted in decreased S. pneumoniae replication compared to that
with S. pneumoniae alone. Interestingly, at day 5 postinfection,
Mex09-S. pneumoniae-infected animals showed evidence of bac-
teremia with S. pneumoniae detection in
the spleen (Fig. 2C). Together, these re-
sultsindicatethatenhancedbacterialrep-
lication occurred in virus-coinfected ani-
mals early after S. pneumoniae infection
and that Mex09 coinfection resulted in
higher levels of S. pneumoniae replication
inlungandalsosignsofbacteremialatein
infection.
Lethal coinfection is associated with
more severe lung pathology. Histo-
pathological analyses performed on ani-
mals at 5 days post-infection with NIH50
or Mex09 alone showed a range of
changes compatible with an inﬂuenza vi-
ral pneumonia, including bronchitis,
bronchiolitis, and alveolitis. NIH50-
infected animals displayed a multifocal,
mild to moderate bronchointerstitial
pneumonia characterized by lymphohis-
tiocytic bronchitis and bronchiolitis with
occasional small foci of alveolitis
(Fig. 3A). Inﬂuenza virus antigen was ob-
served in the superﬁcial respiratory epi-
thelial cells of the bronchial and bron-
chiolartreeandlessfrequentlyinalveolar
epithelial cells and alveolar macrophages
(Fig. 3B). In contrast, lungs from Mex09-
infected mice showed more severe
changes with nearly diffuse bronchitis,
bronchiolitis, and multifocal alveolitis
(Fig. 3C). Inﬂuenza virus antigen was de-
tected in these mice in a distribution sim-
ilar to that in NIH50-infected mice
(Fig. 3D).
Lungs from mice infected with NIH50
plus S. pneumoniae displayed a mild to
moderate, multifocal, acute neutrophil-
predominant bronchopneumonia pre-
dominantly at foci overlapping lesions
consistent with those seen with NIH50-
only infection (Fig. 3E). In contrast,
lungs from mice infected with Mex09
plus S. pneumoniae showed a multifocal,
moderate to severe, acute neutrophil-
predominant bronchopneumonia admixed with a diffuse lym-
phohistiocytic bronchointerstitial pneumonia as described for
Mex09-only infection (Fig. 3G). In contrast to NIH50-S. pneu-
moniae infection, there was a marked loss of the epithelium in
bronchioles.Twooftheanimalsalsoshowedamultifocalbacterial
pleuritis. Viral antigen distribution was similar to that seen in
virus-only-infected animals (data not shown). In animals coin-
fected with NIH50 or Mex09 plus S. pneumoniae, tissue Gram
stainingrevealedabundantbacteriabothextracellularlyandintra-
cellularly within epithelial cells of the respiratory tree and in alve-
olar epithelial cells and alveolar macrophages (Fig. 3F and H, re-
spectively).PathologyofS.pneumoniae-only-infectedmicevaried
from normal to nearly diffuse, severe acute neutrophil-
predominant pleuritis, to focal, severe acute neutrophil-
predominant bronchopneumonia (data not shown).
FIG2 Replicationof2009pandemicandseasonalH1N1inﬂuenzavirusandStreptococcuspneumoniae
in mouse lung and spleen. (A) Expression of inﬂuenza virus M gene in lung by qRT-PCR at 2 to 5 days
post-infection with inﬂuenza virus. (B) Determination of bacterial 16S rRNA by qRT-PCR from lung
homogenatesat1to3dayspost-infectionwithS.pneumoniae(3to5dayspost-infectionwithinﬂuenza
virus). (C) Determination of bacterial 16S rRNA by qRT-PCR from spleen homogenates at 1 to 3 days
post-infection with S. pneumoniae (3 to 5 days post-infection with inﬂuenza virus). Data are presented
as average expression values  standard errors of the means.
Lung Repair during Inﬂuenza and Bacterial Coinfection
September/October 2011 Volume 2 Issue 5 e00172-11
® mbio.asm.org 3Globalgeneexpressionanalysisdemonstratesdifferencesin
inﬂammatoryresponsesandlungepithelialdamageduringpri-
mary infection with NIH50 or Mex09. The host transcriptional
response to infection was characterized to determine whether the
underlying mechanisms of the selective lethal synergy during
Mex09-S. pneumoniae coinfection were due to differences in in-
ﬂammation, activation of speciﬁc apoptotic pathways, or modiﬁ-
cation of lung epithelium. The global gene expression proﬁles of
the individual animals are shown in Fig. 4A, with 11,247 genes
showinga2-fold-or-higherchangeinexpression(Pvalue,0.01)
in at least one experimental group. While in general the overall
transcriptional responses did not appear dramatically different
between the different infections, the grouping of experiments by
the clustering algorithm suggested that the host responses were
uniqueforeachgroup;themostdistinctresponsewasobservedin
Mex09-infected animals, as evidenced by the higher number of
differentially regulated genes than that in the other groups (see
Fig. S1 in the supplemental material).
The expression level of genes involved in inﬂammation was
examined to determine if there was a correlation between inﬂam-
mation and infection outcome. Mex09-infected animals showed
the strongest inﬂammatory response, as indicated by the number
andlevelofinductionofinﬂammatorymediators(Fig.4B).Coin-
fection with NIH50 plus S. pneumoniae was associated with in-
creased expression relative to infection with NIH50 alone, sug-
gestingthatS.pneumoniaeenhancedinﬂammationinthecontext
ofseasonalinﬂuenzavirusinfection.Incontrast,theexpressionof
inﬂammatory mediators was actually slightly lower during
Mex09-S. pneumoniae infection than during Mex09-alone infec-
tion. Furthermore, inﬂammation was comparable between
Mex09-S. pneumoniae and NIH50-S. pneumoniae coinfections,
suggesting that the increased mortality associated with Mex09
plus S. pneumoniae was not due to enhanced inﬂammation fol-
lowing bacterial infection at this time point. However, it is possi-
ble that a transient increase in inﬂammation occurs immediately
following S. pneumoniae infection as has been observed in other
studies (20).
Because the outcome of S. pneumoniae coinfection differed
depending on the strain of inﬂuenza virus, it was speculated that
differences in the host responses to primary viral infection may
inﬂuence coinfection outcome. Analysis of variance (ANOVA)
comparing NIH50- and Mex09-infected animals identiﬁed 2,171
genes as being signiﬁcantly differentially expressed between the
two groups (P value, 0.01; at least 2-fold difference in median
expression level) (see Fig. S2A in the supplemental material).
Geneontologyanalysisofthisgroupshowedenrichmentofgenes
associated with cell cycle regulation, inﬂammation, tissue remod-
eling/repair,DNAdamageresponse,andapoptosis(Fig.5A).The
majority of apoptosis-related genes were associated with endo-
plasmic reticulum (ER) stress response, inﬂammation, and death
receptorsignaling.Genesassociatedwithtissueremodeling/repair
included those involved in respiratory epithelial repair (hepato-
cyte growth factor [HGF], keratinocyte growth factor [KGF], and
extracellular membrane [ECM] components) and acute lung in-
jury (SERPINE1). Many of these genes were more highly induced
during Mex09 infection (Fig. 5B), suggesting that while both
Mex09- and NIH50-infected animals recover, infection with
Mex09 is associated with more extensive damage to the lung epi-
thelium that requires more extensive tissue repair. Indeed, stain-
ing for cleaved caspase 3 (cCASP3) in the lungs of infected mice
showed more abundant cCASP3 in Mex09-infected than in
NIH50-infected mice (Fig. 5C and D). Most signiﬁcantly, in-
creased cCASP3 staining of basal epithelial cells was observed in
the bronchiolar epithelium of mice infected with Mex09 and not
with NIH50.
Lethal Mex09-S. pneumoniae coinfection is associated with
lack of induction of lung epithelial cell proliferation and tissue
repair processes. Because a signiﬁcant increase in inﬂammatory
responsesdidnotcorrelatewithlethaloutcomeofMex09-S.pneu-
FIG 3 Lung pathology, inﬂuenza virus antigen, and Gram staining during
primary infection with 2009 pandemic or 2009 seasonal H1N1 inﬂuenza vi-
ruses in the presence and absence of coinfection with Streptococcus pneu-
moniae. Lungs from infected mice (three per group) were harvested at 5 days
post-infection with inﬂuenza virus (3 days post-infection with S. pneumoniae
incoinfectiongroups)andwerestainedwithhematoxylinandeosinorimmu-
nostainedforinﬂuenzaviralantigen(NP).(A)Hematoxylinandeosinstain-
ingofNIH50-infectedlung(originalmagniﬁcation,200);(B)immunostain-
ing for NP of NIH50-infected lung (original magniﬁcation, 200); (C)
hematoxylin and eosin staining of Mex09-infected lung (original magniﬁca-
tion, 200); (D) immunostaining for NP of Mex09-infected lung (original
magniﬁcation, 200); (E) hematoxylin and eosin staining of NIH50-S.
pneumoniae-infectedlung(originalmagniﬁcation,40);(F)Gramstainingof
NIH50-S. pneumoniae-infected lung (original magniﬁcation, 1,000; arrow
indicates bacteria); (G) hematoxylin and eosin staining of Mex09-S.
pneumoniae-infected lung (original magniﬁcation, 40); (H) Gram staining
ofMex09-S.pneumoniae-infectedlung(originalmagniﬁcation,1,000;arrow
indicates bacteria). Br indicates bronchus (A-D) or bronchiole (E).
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was performed to compare Mex09- and Mex09-S. pneumoniae-
inoculated animals to identify differences in other host response
pathways.Theexpressionlevelsofapproximately4,000sequences
differed signiﬁcantly (at least 2-fold; P value, 0.01) between the
groups (see Fig. S2B in the supplemental material). Functional
annotation analysis showed that the enriched functional group
with the highest statistically signiﬁcant difference was tissue re-
modeling/wound repair, followed by cell differentiation, inﬂam-
mation, Ca2 signaling, and apoptosis (Fig. 6A). In support of
this, staining for cleaved caspase 3 (cCASP3) in the lungs of coin-
fected mice showed a greater extent of cCASP3 in Mex09-S.
pneumoniae-infectedmice(Fig.6C);cCASP3wasnotobservedin
NIH50-S. pneumoniae-infected mice (Fig. 6D). Most signiﬁ-
cantly,prominentstainingofbasalepithelialcellswasobservedin
the bronchiolar epithelium of mice infected with Mex09 plus S.
pneumoniae. The majority of the genes associated with tissue re-
pair/remodeling and cell differentiation also showed decreased
expression in the Mex09-S. pneumoniae-coinfected animals rela-
tivetobothMex09-infectedandmock-infectedanimals.Thissug-
geststhatsecondarybacterialinfectionledtothelossofprotective
tissue reproliferation and repair pro-
cesses. Mex09-S. pneumoniae-infected
animals also showed decreased expres-
sion of pulmonary surfactant-associated
protein (Sftpa1), which together with
Ca2 functions to lower the surface ten-
sion at the alveolar capillary interface to
facilitate efﬁcient gas exchange (21). The
expression of a more comprehensive list
of genes known to be involved in lung re-
pair was examined to explore further the
possibilitythatlackofactivationofrepair
processesmayplayaroleinlethalcoinfec-
tion (22). The expression levels of these
genes are shown in Fig. 7A, and they in-
cludekeymediatorsoftypeIIalveolarep-
ithelial cell proliferation (HGF, KGF, ﬁ-
broblast growth factor 10 [FGF10],
epidermal growth factor [EGF], and hep-
arin binding EGF [HB-EGF]) along with
associated signaling molecules (COX-2,
Akt, and mitogen-activated protein ki-
nase [MAPK] pathways) (22). Also
shown is the expression of genes associ-
atedwithcellmigrationandECMremod-
eling that are required for reestablishing
basement membrane integrity (interleu-
kins1b,2,4,and13;integrins;andmatrix
metalloproteinases).Ingeneral,therewas
a higher expression of the majority of
these genes during Mex09 infection than
during Mex09-S. pneumoniae infection,
again suggesting that aspects of the repair
process were absent or markedly reduced
in the presence of S. pneumoniae coinfec-
tion. Two of the key growth factors for
type II alveolar epithelial cells, HGF and
KGF, show decreased expression relative
even to mock infection during Mex09-S.
pneumoniaeinfection.Furthermore,ofthesmallsetofgenesmore
highly induced in Mex09-S. pneumoniae infection, both MMP9
and plasminogen activator inhibitor (SERPINE1) have been
shown to be associated with decreased epithelial repair (23). In-
creased levels of SERPINE1 in bronchoalveolar lavage ﬂuids have
also been associated with increased mortality in Pseudomonas
aeruginosa-infected patients (24). Finally, transforming growth
factor  (TGF-) levels were higher in Mex09-S. pneumoniae in-
fection, and while this cytokine plays an important role in repair,
inappropriate or continuous expression results in the develop-
ment of ﬁbrosis. This in turn can cause distortion of lung archi-
tecture and pulmonary hypertension (25).
Basal epithelial cells are a major source of HGF and KGF,
andtheirdestructionwouldbeconsistentwithalackofexpres-
sionofthesegrowthfactorsobservedinMex09-S.pneumoniae-
infected animals. This in turn would compromise the repair of
damaged lung epithelium. Immunohistochemistry to detect
thecellproliferationmarkerMCM7wasperformedtoexamine
for differences in epithelial cell reproliferation. Prominent
staining of MCM7 was detected in nuclei of basal cells in bron-
chioli in NIH50-, NIH50-S. pneumoniae-, and Mex09-infected
FIG 4 Host transcriptional response in the lungs of animals inoculated with inﬂuenza virus and
Streptococcus pneumoniae. (A) Two-dimensional hierarchical clustering heat map showing the expres-
sion proﬁles of 11,247 sequences that are regulated (2-fold; P value, 0.01) in at least one experi-
mentalgroup.Eachcolumnrepresentsgeneexpressiondatafromanindividualexperimentcomparing
RNA from lung tissue from an infected animal isolated at 5 days postinfection relative to pooled RNA
from lung tissue from mock-infected animals (n  9). Genes shown in red were upregulated, genes
shown in green were downregulated, and genes in black indicate no change in expression in infected
animals relative to uninfected animals. (B) Expression proﬁles of inﬂammatory response genes in the
lungs of infected animals. The heat map depicts genes regulated (2-fold; P value, 0.01) in at least 1
experiment. DC, dendritic cell; Ag, antigen.
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pneumoniae-infected mice, often correlating with a complete
loss of epithelial cells (Fig. 7B). A more detailed analysis of
Mex09-S.pneumoniae-infectedlungsbyGramstainingshowed
numerous S. pneumoniae bacteria on the few remaining basal
epithelial cells, suggesting that bacterial attachment was asso-
ciated with the death of basal epithelial cells (Fig. 7C). As basal
epithelialcellsplayakeyroleinlungepitheliumrepair,includ-
ing production of KGF and FGF10, their death could result in
loss of airway epithelial cell reproliferative capacity.
Collectively,thesedatasuggestthattheuniformlethalityofthe
Mex09-S.pneumoniaecoinfectionresultsfromearlierpulmonary
bacterial replication and enhanced damage to lung architecture,
including death of basal epithelial cells and loss of repair and re-
proliferation responses, which lead to spread of the bacteria out-
side the lung.
DISCUSSION
Bacterial secondary infections played sig-
niﬁcant roles in the increased morbidity
and mortality during past inﬂuenza virus
pandemics (3). Although antibiotics have
decreased to some extent the impact of
secondary infections, bacterial pneumo-
niafollowinginﬂuenzavirusinfectionhas
continued to pose a signiﬁcant threat to
human health. Several mechanisms have
been proposed to explain the association
between primary inﬂuenza viral and sec-
ondary bacterial infections, including in-
creased colonization, changes in airway
function, increased respiratory compro-
mise, increased inﬂammatory responses,
and synergy between inﬂuenza viral and
bacterialreplication(7,11).Thisstudyre-
veals that death of progenitor basal epi-
thelial cells and loss of airway epithelial
cell reproliferation and lung repair re-
sponses may also play a role in disease se-
verity.
The upper respiratory tract contains
numerous physical barriers that impede
the introduction of foreign materials, in-
cluding bacteria, into the lung. Damage
and necrosis of epithelial cells lining the
respiratorytreeleadtolossofmucociliary
clearance and can facilitate colonization
of the lungs with bacteria present in the
oronasopharynx (11). It has also been
proposed that bacterial colonization of
the upper respiratory tract is accelerated
due to epithelial cell damage and expo-
sure of attachment sites by viral neur-
aminidase (NA) activity (6, 26). In addi-
tion, inﬂammatory responses, including
ﬁbrin deposition, tissue repair, and re-
generative processes, can result in the ex-
posure of bacterial attachment sites. Sev-
eral studies have suggested that enhanced
inﬂuenza viral replication could also oc-
cur due to increased proteolytic process-
ing of viral HA0 protein by bacterial proteases (27). Although
increased viral replication was not observed in our study, we did
observe an increase in pulmonary bacterial 16S rRNA expression
during Mex09-S. pneumoniae coinfection.
Oncebacterialcoinfectionisestablished,severityofrespiratory
compromise can occur in response to blockage and loss of small
airway function and development of exudative transmural pleu-
ritis (11, 28). Additionally, dysregulation of immune responses
can contribute to disease severity and compromise of lung func-
tion during inﬂuenza virus and bacterial coinfection (29). Our
results, however, showed that activation of inﬂammatory re-
sponses prior to death during bacterial coinfection, as measured
bygeneexpression,appearedtobeindependentoflungpathology
and survival. Primary viral infection with Mex09 resulted in in-
creased inﬂammatory and cell death responses that were accom-
FIG 5 Differences in host responses to primary viral infection and enhanced inﬂammation and lung
damage associated with Mex09 infection. (A) Functional annotation analysis of sequences whose ex-
pression levels differed signiﬁcantly (P value, 0.01; 2-fold in expression level) between Mex09 and
NIH50 infection. The graph represents only the top-ﬁve-scoring functional categories. (B) Expression
proﬁlesofasubsetofthesequencesfrompanelA.Eachcolumnrepresentsgeneexpressiondatafroman
individual experiment comparing lung tissue from an infected animal to pooled tissue from mock-
infectedanimals(n9).Genesshowninredwereupregulated,genesshowningreenweredownregu-
lated, and genes in black indicate no change in expression in infected animals relative to uninfected
animals. (C and D) Immunohistochemical detection of cleaved caspase 3 in the lungs of virus-infected
mice (original magniﬁcations, 200). Asterisks denote mitotic cells (inset in panel C; original magni-
ﬁcation, 1,000).
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pared to NIH50 primary viral infection. In contrast, animals
infected with Mex09 plus S. pneumoniae showed slightly de-
creased activation of inﬂammatory response-related gene expres-
sionrelativetoMex09-onlyinfectionbutwithasigniﬁcantlossof
lung repair responses.
Repair of lung epithelium involves several steps: proliferation
and differentiation of progenitor basal epithelial cells, migration/
spreadingofthesecellstocoverthedenudedareas,andresolution
(22, 30). Our study suggests that a more virulent primary inﬂu-
enza viral infection, with increased loss of the more superﬁcial
airway epithelial cells, may lead to increased bacterial replication
and attachment to the exposed basal epithelial cells and the asso-
ciated loss of these critical respiratory epithelial progenitor cells
(29). The lack of expression of genes encoding key growth factors
normally produced by basal cells and the marked loss of basal
epithelial cells observed histologically in
the lungs of Mex09-S. pneumoniae-
infected animals support this hypothesis.
Loss of basal epithelial cells would pre-
clude the reestablishment of the normal
airway epithelium, resulting in increased
and sustained respiratory compromise
and death (30). Increased lung damage
and lack of lung repair processes could
also lead to loss of tissue integrity and
spreadofbacteriaoutsidethelung.Thisis
supported by the bacteremia observed in
the Mex09-S. pneumoniae-infected ani-
mals.
The association between failure to re-
store lung epithelium and lethality of
coinfections also raises the possibility of
therapeutically targeting these repair
pathways, such as treatment with exoge-
nousKGF,whichhasbeenshowntohave
a protective effect in a variety of lung in-
jury models (31). In combination with
antibiotic and antiviral therapies, treat-
ments that stimulate lung repair re-
sponses could be beneﬁcial in improving
survival.
The present study has demonstrated
that outcome of inﬂuenza virus and bac-
terial coinfection correlated with the
pathogenicity of the primary viral infec-
tion, enhanced bacterial replication, and
the extent of lung repair required for sur-
vival.Increasedlossofsuperﬁcialrespira-
tory epithelial cells during a more patho-
genic viral infection led to exposure and
subsequent death of progenitor basal ep-
ithelial cells by bacterial infection, result-
ing in a loss of critical respiratory epithe-
lial cell reproliferation and lung repair
processes that also likely contributed to
thedevelopmentoflate-stagebacteremia.
Thus,theseverityofbacterialpneumonia
resulting from enhanced lung damage
from the primary viral infection, and the
amountofrepairnecessaryforrecovery,maybeanintrinsicmea-
sure of inﬂuenza virus pathogenicity and may help explain differ-
ences in the numbers of bacterial pneumonia-associated deaths
during inﬂuenza pandemics.
MATERIALS AND METHODS
Viruses and bacteria. A/Mexico/4108/09 (H1N1; Mex09) was provided
by Heinz Feldmann, NIH/NIAID (Hamilton, MT). A/Bethesda/NIH50/
2009(H1N1;NIH50)wasisolatedfrompatientsattheNIHClinicalCen-
ter (protocol 07-I-0229) (18). Streptococcus pneumoniae D39 (serotype 2;
Xen7)andStreptococcuspneumoniaeA66.1(serotype3;Xen10)werepur-
chased from Caliper Life Sciences (Alameda, CA).
Growth and titration of bacteria and viruses. Viruses were passaged
on MDCK cells in the presence of 1.0 g/ml TPCK (tolylsulfonyl pheny-
lalanyl chloromethyl ketone)-treated trypsin in Dulbecco’s modiﬁed Ea-
gle medium (DMEM), and virus titers were determined as described in
reference32.VirustiterswerecalculatedaccordingtothemethodofReed
FIG 6 Coinfection with Mex09 plus S. pneumoniae is associated with altered cell death and tissue
repair responses. (A) Functional annotation analysis of sequences whose expression levels differed
signiﬁcantly (P value, 0.01; 2-fold in expression level) between Mex09 and Mex09-S. pneumoniae
infection. The graph represents only the top-ﬁve-scoring functional categories. (B) Expression proﬁles
of a subset of the sequences from panel A. Each column represents gene expression data from an
individual experiment comparing lung tissue from an infected animal to pooled tissue from mock-
infectedanimals(n9).Genesshowninredwereupregulated,genesshowningreenweredownregu-
lated, and genes in black indicate no change in expression in infected animals relative to uninfected
animals. (C and D) Immunohistochemical detection of cleaved caspase 3 in the lungs of bacterium-
coinfected mice (original magniﬁcations, 200). The asterisk denotes a mitotic cell.
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3 (BSL-3) laboratory at the National Institutes of Health (NIH). Strepto-
coccus pneumoniae was cultured in brain and heart-infused medium
(BHI) and grown on BHI agar plates supplemented with 5% sheep eryth-
rocytes according to the manufacturer’s directions.
Mouse infection studies. Groups of ﬁve 8- to 10-week-old female
BALB/cmice(JacksonLabs,BarHarbor,ME)werelightlyanesthetizedin
a chamber with isoﬂurane supplemented with O2 (1.5 liters/min) and
intranasallyinoculatedwith105PFUofMex09orNIH50inatotalvolume
of 50 l. At 48 h later, mice were inoculated intranasally with 105 CFU of
Streptococcus pneumoniae. Body weights were measured daily, and mice
were humanely euthanized if they lost more than 25% of their starting
body weight. Lungs were collected for RNA isolation at days 2 through 5
post-inﬂuenza virus infection (3 days post-bacterial infection) and for
pathology at day 5. For each virus and time point, lungs from 3 animals
were collected for microarray: 3 lungs on days 2 to 4 and 6 lungs on day 5
for viral and bacterial titration by qRT-PCR and from 3 animals for pa-
thology. Lungs collected for pathology were inﬂated with 10% neutral
buffered formalin at time of isolation to pre-
vent atelectasis. All experimental animal work
was performed in an enhanced animal BSL-3
(ABSL-3) laboratory at the National Institutes
of Health (NIH) following approval of animal
safety protocols by the NIH Animal Care and
Use Committee.
RNAisolationandexpressionmicroarray
analysis.TotalRNAwasisolatedfromlungby
homogenization (10% [wt/vol]) in Trizol (In-
vitrogen, Carlsbad, CA) followed by chloro-
form extraction and isopropanol precipita-
tion. RNA quality was assessed using a
BioAnalyzer (Agilent Technologies). Gene ex-
pression proﬁling experiments were per-
formed using Agilent Mouse Whole Genome
44Kmicroarrays.Fluorescentprobeswerepre-
paredusingtheAgilentQuickAmplabelingkit
according to the manufacturer’s instructions.
For each microarray experiment, mRNA iso-
lated from the lungs of an individual animal
inoculatedwitheitherS.pneumoniaealone,in-
ﬂuenzavirusalone,orinﬂuenzavirusfollowed
by S. pneumoniae was compared to a pool of
mRNA isolated from the lungs of mock ani-
mals(n9).EachRNAsample(2to3biolog-
ical replicates per condition) was labeled and
hybridizedtoindividualarrays.Spotquantita-
tionwasperformedusingAgilent’sFeatureEx-
tractorsoftware,andalldatawerethenentered
into a custom-designed database, SlimArray,
and then uploaded into GeneData Analyst 2.1
(GeneData) and Spotﬁre Decision Suite 8.1
(Spotﬁre, Somerville, MA). Data normaliza-
tionwasperformedinGeneDataAnalystusing
central tendency followed by relative normal-
izationusingpooledRNAfrommock-infected
mouse lung as reference. Metacore version 6.3
and Entrez Gene (http://www.ncbi.nlm.nih
.gov/sites) were used for gene ontology and
pathway analysis.
Quantitative RT-PCR. Quantitative real-
time PCR was used to estimate bacterial and
viral loads in lung and spleen tissue. Reverse
transcriptionoftotalRNAwasperformedwith
primers speciﬁc for either Streptococcus pneu-
moniae 16S rRNA or inﬂuenza virus matrix 1
(M) gene using the Superscript III ﬁrst-strand
cDNA synthesis kit (Invitrogen, Carlsbad, CA). TaqMan primers and
probe were designed to the Streptococcus pneumoniae 16S rRNA gene us-
ing Primer Express 3.0 software (Applied Biosystems, Foster City, CA),
generating the following primers and probe: forward, 5= GGTGACGGC
AAGCTAATCTCTT 3=; reverse, 5= AGGCGAGTTGCAGCCTACAA 3=;
and probe, 5= AAGCCAGTCTCAGTTCG 3=. Primers and probe were
designed to a highly conserved region among inﬂuenza A virus matrix
protein 1 genes, generating the following primers and probe: forward,
5=TCAGGCCCCCTCAAAGCCGAGAT3=;reverse,5=CGTCTACGCTG
CAGTCCTC 3=; probe, 5= TTTGTGTTCACGCTCACCGTGCCCA 3=.
Real-time PCR was performed using an ABI 7900HT Fast real-time PCR
system.EachtargetwasruninduplicatewithTaqMan2PCRUniversal
MasterMixanda5-ltotalreactionvolume.Endogenouscontrolprimer
and probe sets for relative quantiﬁcation to glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) mRNA were obtained from Applied Biosys-
tems, Foster City, CA. Quantiﬁcation of each gene’s threshold cycle (Ct)
wasgraphedrelativetothatofthecalibrator,mouseGAPDH(ABIcatalog
FIG 7 Mex09-S. pneumoniae infection is associated with loss of basal cells and absence of reprolifera-
tion of airway epithelial cells. (A) Heat map showing tissue repair pathway gene expression data where
each column represents data from an individual experiment comparing lung tissue from an infected
animal to pooled tissue from mock-infected animals (n  9). Genes shown in red were upregulated,
genes shown in green were downregulated, and genes in black indicate no change in expression in
infected animals relative to uninfected animals. (B) Immunohistochemistry for presence of the cell
proliferationmarkerMCM7inlungsofinfectedmice(originalmagniﬁcations,200).(C)Presenceof
S. pneumoniae bacteria (arrows) on remaining basal epithelial cells (nuclei labeled BC) and a macro-
phage (M) during Mex09-S. pneumoniae coinfection; smooth muscle cells below the basement mem-
brane are labeled SM (original magniﬁcation, 1,000).
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HS99999901_s1), and two-tailed P values were calculated using an un-
paired t test.
Pathology and immunohistochemistry. Tissue samples were dehy-
drated and embedded in parafﬁn, and 5-m sections on positively
charged slides were stained with hematoxylin and eosin for histopatho-
logic examination. Gram staining was performed with the Brown and
Hopps method (5). For immunohistochemical staining, primary anti-
body for inﬂuenza virus antigen distribution was a goat polyclonal anti-
inﬂuenza A virus H1N1 antibody (OBT1551; AbD Serotec, Raleigh, NC)
atadilutionof1:500.Theantibodywasrevealedandvisualizedpervendor
instructions with an avidin-biotin-peroxidase complex (ABC) technique
(Vectastain ABC kit PK-4005; Vector Labs, Burlingame, CA) and 3,3=-
diaminobenzidine chromogen (DAB). A hematoxylin counterstain was
added. The primary antibody for detecting apoptosis distribution was a
cleaved caspase 3 (Asp175) rabbit monoclonal antibody (5A1E; Cell Sig-
nalingTechnology,Danvers,MA),andtheprimaryantibodyfordetecting
proliferation was an MCM7 (EP1974Y) rabbit monoclonal antibody
(ab52489; Abcam, Cambridge, MA), both at a dilution of 1:200. Their
immunohistochemical protocols included a 15-min steam antigen re-
trieval with pH 6 citrate buffer (Target Retrieval solution S1699; Dako,
Carpinteria, CA), primary antibody dilution in background reducing di-
luent(S3022;Dako),ABCtechnique(VectastainABCkitPK-6160),visu-
alization with DAB, and hematoxylin counterstaining.
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